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Infection by human immunodeficiency virus type 1 (HIV-1) is associated with decreases in peripheral CD4�

T cells and development of lymphadenopathy. The precise mechanisms by which HIV-1 induces these changes
have not been elucidated. T-cell trafficking through lymphoid tissues is facilitated by CCL21-mediated entry
and sphingosine-1-phosphate (S1P)-mediated egress. Having previously determined that HIV-1 envelop gly-
coprotein, gp120, directly alters T-cell migration, we investigated whether gp120 without HIV-1 infection could
influence the responses of CD4� T cells to the signals involved in T-cell trafficking through lymph tissue.
Incubation of normal human T cells with gp120 for 1 h resulted in reprogramming of CD4 T-cell migratory
responses by increasing sensitivity to CCL20 and CCL21 and complete inhibition of migration to S1P.
Incubation of human T cells with gp120 prior to injection into NOD.CB17-Prkdcscid/J mice resulted in increases
in lymph node accumulation of CD4� T cells, with reciprocal decreases in blood and spleen compared to T cells
not exposed to gp120. The effects of gp120 required CD4 signaling mediated through p56lck. These findings
suggest that gp120 alone can alter CD4� influx and efflux from lymph nodes in a fashion consistent with the
development of lymphopenia and lymphadenopathy.

During primary human immunodeficiency virus (HIV) in-
fection, there is a deletion of CD4� T cells in the gut that is
responsible for a large reduction in the total number of cells
(4). After initial infection and cell loss, a homeostatic balance
is achieved whereby the total number of productively infected
cells is estimated to be between 1:100 and 1:400 (13). With
disease progression there is a decrease in the percentage of
total cells found in the peripheral blood. This lymphopenia is
defined by immune cell activation coincident with tissue redis-
tribution of CD4� T cells (25). Lymphopenia is accompanied
by and is in part due to lymphadenopathy, characterized by
excessive accumulation of CD4� T cells in secondary lymph
tissue (SLT) (25, 27). The prevalence of lymphadenopathy as a
clinical manifestation of infection led to the initial designation
of HIV-1 as lymphadenopathy-associated virus (23). Develop-
ment of lymphadenopathy is thought to facilitate enhanced
infection and killing of CD4� T cells, removal of T-helper cells
from sites of infection, and dysregulation of the immune re-
sponse by sequestration of peripheral T regulatory cells (11,
24). While lymphadenopathy likely plays a role in HIV-1 pa-
thology, to date a mechanism directly responsible for this effect
has yet to be reported.

Trafficking of T cells within SLT is a dynamic process that
balances homing with egress. T-cell homing to the SLT re-
quires expression of CD62L for adherence to high endothelial
venules and CCR7 expression for chemotactic responsiveness
to lymph node (LN)-specific chemokines, such as CCL19 and
CCL21 (8). A number of studies have shown that infection of
CD4� T cells by HIV results in the upregulation of CD62L and

that CD4� T cells exposed to HIV preferentially migrate to
and are sequestered in the SLT (7). Within lymph tissue high
numbers of T cells accumulate for sensitization and activation,
and therefore the process of recruitment is tightly regulated.
Alteration of the process through either increased homing or
decreased egress would potentially result in lymphadenopathy.
Recent reports indicate that egress of naïve and activated T
cells from the LN requires a concentration gradient of sphin-
gosine-1-phosphate (S1P) that facilitates cell egress from the
lymph tissue (15). Loss of the S1P receptor (S1P1) expression
or function results in marked T-cell accumulation and devel-
oping lymphadenopathy (20). This is the mechanism for the
immunosuppressive drug FTY720, an S1P1 antagonist that in-
duces T-cell sequestration by modulating S1P1 from the cell
surface (5, 31).

It is estimated that the increase in the number of CD4� T
cells sequestered within the SLT of HIV-1-infected individuals
is 1 � 109 cells, or approximately 99% of the total T-cell
population (13); however, it is also estimated that in an HIV-
1-infected individual, 1 in every 400 CD4� T cells is actively
infected (13). As the magnitude of T cells sequestered in LNs
of infected individuals exceeds the number of actively infected
cells, we hypothesized that shed viral proteins and not produc-
tive infection of CD4� T cells might be causative in altering
CD4� T-cell homing to LNs. The viral product of particular
interest is the envelop glycoprotein, gp120. gp120 is shed from
infected cells and has been detected in the serum of infected
individuals (9, 16, 26). We along with others have previously
reported that gp120 directly alters CD4� T-cell migration, and
other investigators have shown that gp120 stimulation of B
lymphocytes results in altered responsiveness to the chemo-
kines CXCL12, CCL20, and CCL21 (2, 17, 36). Therefore, we
investigated the effects of gp120 on CD4� T-cell migratory
responses to LN-specific chemokines CCL19 and CCL21, to
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other chemokines such as CCL20 and CXCL8, and to the
egress-dependent factor, S1P.

In this study we show that gp120, dependent on CD4 signal-
ing, increases CD4� T-cell motility to CCL20 and CCL21 while
also rendering cells chemotactically unresponsive to S1P. We
demonstrate further that these effects could selectively facili-
tate accumulation of CD4� T cells in LNs by injecting gp120-
treated human T cells into huSCID mice. gp120 stimulation
induced a threefold increase in the numbers of CD4� T cells in
SLT with a reciprocal loss of circulating and splenic T cells
compared to the accumulation patterns of injected untreated
human T cells. These findings suggest that gp120 alone may
represent a major contributing factor to HIV-1-associated
lymphadenopathy.

MATERIALS AND METHODS

Cell isolation. Human primary peripheral blood mononuclear cells were iso-
lated from healthy volunteers as described previously (14, 15). The blood was
collected in accordance with the guidelines established by the Boston University
School of Medicine Institutional Review Board. Briefly, blood was collected in
the presence of 100 units of heparin-sodium (American Pharmaceutical Part-
ners) per ml of blood. Peripheral blood mononuclear cells were isolated by
Ficoll-Hypaque centrifugation and suspended in M199 medium (Mediatech)
supplemented with 0.4% bovine serum albumin (USB Corp.), 240 units of pen-
icillin and 240 �g of streptomycin (Gibco), and 20 mM HEPES (Gibco); this is
referred to as complete M199 medium. T cells were negatively enriched using
nylon wool (Polysciences) adherence, resulting in nylon wool nonadherent T
cells. Purity, as assessed by fluorescence-activated cell sorting (FACS) analysis,
consistently demonstrated 96% CD3� cells, of which 64% were CD4� and 30%
were CD8� T cells. The cells were routinely incubated overnight in complete
M199 medium before use. Further purification of T cells into CD4� and CD8�

subsets was accomplished using a magnetic bead negative isolation technique
(Dynal/Invitrogen). Resulting purity was assessed using FACS analysis and was
routinely demonstrated at �98% for both CD4� and CD8� subsets. For in vivo
analysis, 10 � 106 CD4� T cells were stained with 5 �M CFDA SE (carboxy-
fluorescein diacetate-succinimidyl ester) (Invitrogen) for 15 min and washed
once with phosphate-buffered saline (PBS) prior to tail vein injection in 100 �l
of PBS.

Reagents. Wild-type HIV-1IIIB gp120 was purchased from Advanced Biotech-
nologies, Inc., aliquoted, and stored at �80°C. HIV-1BaL gp120 was obtained
through the NIH AIDS Research and Reference Reagent Program, Division of
AIDS, National Institute of Allergy and Infectious Diseases, NIH (catalog no.
4961), aliquoted, and stored at �80°C. Soluble CD4 (sCD4-183) was obtained
through the AIDS Research and Reference Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Diseases, NIH, as generated by
Pharmacia, Inc. Recombinant Tat protein was generously provided by R. Gum-
muluru, Boston University School of Medicine. CD4 (clone RPA-T4), P-selectin
glycoprotein ligand 1 ([PSGL-1] clone KPL1), CD69 (clone FN50), CCR6 (clone
11A9), CXCR3 (clone 6C6), and CCR7 (clone 3D12) antibodies were purchased
from BD Pharmingen. For labeling, 5 � 105 cells were stained with 20 �l of
antibody in each test. CD3 (clone OKT3), CD4 (clone OKT4), CD8 (clone
OKT8), CD62L (clone DREG 56), CXCR1 (clone eBio8F1-1-4), and mouse
CD16/CD32 cocktail (clone 93) antibodies were purchased from eBiosciences.
For some experiments 5.0 � 105 cells were stained with 20 �l of S1P1 rabbit
anti-human polyclonal antibody (0.5 �g for 1 h) and fluorescein isothiocyanate-
conjugated goat anti-rabbit antibody (1 �g for 30 min), both purchased from
Caymen Chemical Company. All staining was conducted at 4°C. S1P was resus-
pended in 0.3 M NaOH, placed in aliquots, and stored at �80°C (Cayman
Chemical). All chemokines were purchased from R&D Systems.

Cell migration. Cell migration was measured using a 48-well Boyden Chamber
(Neuro Probe) as previously described (14, 15). Briefly, human T lymphocytes
were isolated as previously described using Ficoll-Hypaque density centrifuga-
tion and nylon wool adherence (14, 15) and then incubated overnight to allow for
recovery at 25°C and 5% CO2 in 5% bovine serum albumin. For the migration
assay, various concentrations of S1P or chemokines were added to the bottom
chamber at the designated concentrations. Fifty-five microliters of a suspension
of 1 � 107 cells/ml was added to the top chamber and allowed to migrate through
8-�m-pore-size cellulose nitrate filters for 1 h. Filters were removed, fixed with
ethanol, and stained with hematoxylin (Sigma). Migration was calculated as the

number of cells that had migrated beyond 50 �m into the filter. The cell counts
from experimental conditions were compared with control cell migration with
medium alone, which is expressed as 100%. In the typical migration assay for
these studies 10 to 15 cells per high-powered field are counted under control
conditions. Ten high-powered fields are counted for each control and experi-
mental condition, and the data are then expressed as a percentage of control cell
migration. A concentration of 50 ng/ml was used for each chemokine as this dose
did not induce maximal migration but allowed for detection of augmentation and
inhibition induced by gp120 treatment. For some experiments the cells were first
incubated with 1 �M herbimycin A or 10 �M wortmannin for 18 to 24 h prior to
extensive washing in medium, followed by pretreatment with gp120 and subse-
quent S1P-induced migration.

In vivo studies. Male NOD.CB17-Prkdcscid/J mice, 6 to 8 weeks old, were
obtained from Jackson Laboratories and housed under sterile conditions at
Boston University School of Medicine under animal biosafety level 2 contain-
ment as approved by the Boston University School of Medicine IACUC. CFDA
SE (Invitrogen)-stained T cells either untreated or treated with gp120 at a final
concentration of 17 ng/ml were suspended at a final concentration of 3 � 107

cells/300 �l in PBS and injected into the tail vein. Mice were sacrificed at 4 h and
spleen, LN (inguinal, axillary, and cervical), and blood were harvested. Cells
were isolated from blood using Ficoll-Hypaque density centrifugation. Spleen
and LNs were gently dissociated by mechanical dispersion and passed through a
40-�m-pore-size filter (BD Falcon) to obtain single-cell suspensions. Cells were
analyzed for fluorescence using a BD FACScan cytometer or stained with phy-
coerythrin-conjugated anti-CD4 or anti-CD8 antibodies. Prior to staining, all
cells were treated with a murine CD16/CD32 antibody cocktail for 15 min to
block murine Fc receptors.

RESULTS

gp120 treatment does not alter the cell surface phenotype
but results in reprogramming of CD4� T-cell migration to
certain chemokines. Recruitment of CD4� T cells to the SLT
requires the appropriate expression of certain chemokine re-
ceptors (CCR7) and adhesion molecules, such as CD62L,
PSGL-1 (32), and CD44. To initially investigate effects of
gp120 on LN-specific integrins, normal human T cells were
incubated with gp120 (R5 isolate HIV-1IIIB; 17 ng/ml) for 1 h
and then expression levels of CCR3, CCR6, CXCR1, CCR7,
CD62L, PSGL-1, CD44, CD90, CD69, and HLA-DR were
determined by FACS analysis (Fig. 1). The concentration of 17
ng/ml of gp120 was chosen because it represents the upper
limit of gp120 previously detected in the plasma of infected
individuals (16). Neither untreated nor gp120-treated cells
were positive for the early activation markers CD69 and
HLA-DR (Fig. 1). The cells were initially positive for CD4,
CD44, CD90, CD62L, PSGL-1, CCR3, CCR6, CCR7, and
CXCR1, and gp120 treatment had no effect on expression
levels for any of these molecules (Fig. 1). Expression levels
were similarly unaffected using concentrations of gp120 up to
170 ng/ml (data not shown). This suggests that based on ad-
hesion molecule expression, both untreated and gp120-treated
cells under these experimental conditions should retain the
ability to bind to the high endothelial venules and enter the
SLT. Interestingly, gp120 stimulation, which has previously
been shown to modulate CD4 at concentrations of 500 ng/ml,
had no effect on CD4 expression at 17 ng/ml (32, 33) (Fig. 1).

It is now well established that signaling through CD4 selec-
tively desensitizes the chemokine receptors CCR5, CXCR4,
and CXCR3 following stimulation by the CD4 ligand interleu-
kin-16 (IL-16) (30, 34). Following from those studies, we in-
vestigated whether gp120 stimulation could alter subsequent
stimulation by SLT-specific chemokines CCL19 and CCL21.
The effects by IL-16/CD4 are selective for certain chemokine
receptors, and therefore in addition to CCL19 and CCL21,
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chemokines CCL20, CXCL8, and CCL11 were also investi-
gated. CCL20 was studied because it has been reported that
nonhuman primates infected with simian immunodeficiency
virus demonstrated high levels of CCL20 production from lym-
phatic endothelial cells (28). CXCL8 was included because we
have observed CD4-mediated cross-receptor desensitization of
CXCR1, while CCL11/CCR3 signaling was unaffected (3). In
the current study, as expected, all chemokines induced a sig-
nificant migratory response of �170% of control. A concen-
tration of 50 ng/ml was used for each chemokine as this rep-
resents an approximate 50% effective dose for induction of
migration, and therefore changes through either augmentation
or inhibition were likely to be detected. When the cells were
treated with gp120 (17 ng/ml; HIV-1IIIB) for 1 h prior to
conducting the chemotaxis assay, a significant (200%; P �
0.042) augmentation in migration to CCL20 and CCL21 was
observed (Fig. 2). The same gp120 pretreatment resulted in a
significant inhibition of CXCL8-induced migration, similar to an
IL-16 effect (W. Cruikshank, unpublished observations), while
there was no change in migration to CCL19 or to the peripheral
chemokine CCL11 (Fig. 2). The differential effects on the che-
mokine receptors suggest that there is selective gp120-mediated
chemotactic reprogramming that enhances some receptor signal-
ing while desensitizing others. Augmentation of CCL20- and
CCL21-induced migration supports the concept that exposure to

FIG. 1. Effect of gp120 treatment on surface expression of activation molecules, chemokine receptors, and adhesion molecules associated with
T-cell trafficking through LNs. Primary human T cells were stimulated with gp120 (17 ng/ml; HIV-1IIIB) (dashed lines) or medium control (dotted
lines) for 1 h and then labeled with specific fluorescent antibody or isotype control (solid curves). For CD4 staining, isotype control and
CD4-negative cells show overlapping curves. These are representative curves from four separate experiments with similar results.

FIG. 2. Effect of gp120 on human T-cell migration to selected che-
mokines. Primary human T cells were treated with medium alone
(filled bars) or gp120 (17 ng/ml; HIV-1IIIB) (open bars) for 1 h prior to
extensive washing; the migration assay was conducted with 50 ng/ml for
each chemoattractant. This experiment was conducted four separate
times, and the data represent the average values (� standard devia-
tions). *, significantly different migration from control-treated cells
(P � 0.02).
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gp120 may facilitate enhanced recruitment of T cells to the SLT
in an HIV-1-infected individual.

gp120 stimulation inhibits S1P-induced migration. While
recruitment is an essential component of homeostatic and
pathological lymphocyte accumulation in LNs, egress likely
constitutes an equally important determinant. Thus, we stud-
ied the effects of gp120 on S1P-induced migration. Human T
cells were again pretreated with gp120 (R5 isolate) for 1 h
prior to S1P-induced migration. As shown in Fig. 3A, gp120-
stimulated T cells were completely unresponsive to S1P across
a wide range of concentrations. A dose-response curve for
gp120 demonstrated maximal inhibition between 170 and 1.7
ng/ml, with inhibition detectable at concentrations as low as
0.017 ng/ml (approximately 0.1 pM) (Fig. 3B). No inhibitory
effect was detected at concentrations of 0.0017 ng/ml or lower.
A time course indicated that a 30-min exposure to gp120 was
required to detect inhibition and that 60 min was sufficient for
maximal inhibition (Fig. 3C).

Previous studies have identified that gp120 stimulation
results in significant loss of CD4 surface expression with

subsequent effects on the expression of associated receptors,
such as TCR, CCR5, and CXCR4 (6). The time frame re-
quired for S1P inhibition of 30 to 60 min is consistent with
the concept of induced S1P1 modulation. To initially inves-
tigate a mechanism for gp120-induced inhibition of S1P
stimulation, effects on S1P1 expression were determined.
FACS analysis indicated detectable S1P1 expression in
52.3% � 7.72% of resting human peripheral T cells, and
neither the percent positive cells nor the intensity of staining
was altered following incubation with 1.7 ng/ml gp120 for 1 h
(data not shown). As the concentration of gp120 present in
LNs of HIV-1-infected individuals has not been well estab-
lished and could conceivably be several logs higher, the
concentration used in these experiments (1.7 ng/ml) may not
be sufficient to reflect those in the LNs. Therefore, concen-
trations up to 1.7 �g/ml were assessed. Cells were treated
for 1 h prior to assessment of CD4 and S1P1 surface expres-
sion by FACS analysis. Despite a significant decrease in
CD4 staining, there was no change in S1P1 expression (Fig.
3D), suggesting that inhibition of S1P-induced migration is

FIG. 3. Characterization of the inhibitory effect of gp120. (A) Human T cells were incubated with gp120 (17 ng/ml; HIV-1IIIB) (open bars)
or medium control (solid bars) for 60 min prior to induced migration by the designated concentrations of S1P. (B) Dose response for the
inhibitory effect of gp120 on S1P-induced migration. Human T cells were incubated with the designated concentrations of gp120 (HIV-1IIIB)
for 60 min prior to induced migration by 10�8 M S1P. (C) A time course for the inhibitory effect using cells incubated with gp120 (17 ng/ml)
for 30 or 60 min prior to washing and chemotaxis induced by 10�8 M S1P. For all the migration experiments, the data are expressed as a
percentage of control cell migration (� standard deviations). *, significantly different migration from non-gp120-treated cells (P � 0.05).
(D) gp120-induced modulation of CD4 and S1P1 in human T cells. T cells were stimulated with gp120 in a dose range from 100 ng/ml to
1.7 �g/ml for 60 min prior to assessing the surface expression of CD4 and S1P1. Loss of CD4 expression was detected at concentrations of
gp120 of 500 ng/ml and higher. The representative FACS plot shows expression levels following 1.7 �g/ml gp120 stimulation. Control cells
are depicted by the dashed lines while gp120-treated cells are represented by the dotted lines. This is a representative FACS plot from four
separate experiments, all with similar findings.
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mediated through disruption of cell signaling rather than
through receptor modulation.

Signaling and selectivity of gp120-mediated suppression of
S1P-induced migration. gp120 binds to cells through the for-
mation of a complex comprised of CD4 and a chemokine
coreceptor: CCR5 for macrophage-tropic (M-tropic) isolates
and CXCR4 for T-cell-tropic (T-tropic) or dual-tropic isolates
(19). Signaling induced by gp120 can therefore be mediated by
both CD4 and CCR5 (17, 22, 36). CD4 has been shown to
induce signals through both the associated kinase, p56lck, as
well as through the downstream phosphatidylinositol-3 kinase
with different cellular responses (21), while CCR5 has been
shown to signal through activation of the GTP-binding protein
Gi	 (18, 32). To identify which gp120-induced pathway was
involved in the observed cross-receptor desensitization, T cells
were incubated in the presence of herbimycin A, a selective
inhibitor of p56lck enzymatic activity, prior to gp120 stimula-
tion and then S1P-induced migration. As shown in Fig. 4A,
treatment with herbimycin A completely blocked gp120-in-
duced inhibition. The complete inhibition by herbimycin A
suggests that the process is mediated through p56lck without
involvement of GTPase signaling; however, further studies are
required to confirm this concept.

Specificity of the gp120-mediated effect on S1P-induced mi-
gration was then addressed using two different approaches.
The first was to determine whether the inhibition could be
directly attributable to gp120. For these studies sCD4 (1 �g/
ml) was mixed with the gp120 for 10 min before it was added

to the T cells for 60 min. As expected, gp120 alone inhibited
S1P-induced migration; however, this effect was completely
blocked in the presence of sCD4 (Fig. 4B). sCD4 alone had no
effect on S1P-induced migration (data not shown). These data
confirm that the inhibitory effects are directly induced by gp120
and confirm further that a gp120-CD4 interaction is required.
The second approach was to determine whether other HIV
viral proteins could induce the same effect. Other viral proteins
are shed from HIV-1-infected cells, and to determine whether
the effect of gp120 was selective, cells were treated with HIV-1
Tat protein, shown to have direct cellular effects on T lympho-
cytes (1). T cells were preincubated with Tat protein in doses
ranging from 10 ng/ml to 1 �g/ml for 1 h prior to S1P-induced
migration. Exposure to Tat protein, however, did not demon-
strate any change in responsiveness to S1P (Fig. 4B shows the
results with 17 ng/ml) indicating a selective effect for gp120.

Selectivity of the gp120-mediated inhibition of S1P-induced
migration was also assessed based on tropism of the protein.
Studies thus far used the T-tropic isolate HIV-1IIIB. We next
compared the effect of HIV-1IIIB with the M-tropic isolate
HIV-1BaL. As shown in Fig. 4C, the magnitudes of inhibition
for both T- and M-tropic isolates were comparable.

CD8� T cells are unresponsive to S1P-induced migration. A
consistent observation for gp120 from both M- and T-tropic
isolates was that pretreatment resulted in inhibition of all S1P-
induced migration. The complete loss of S1P responsiveness
was unexpected as the target cells were comprised of both CD4
(approximately 60%) and CD8 (approximately 40%) T cells,

FIG. 4. Specificity of the gp120 effect on S1P-induced migration. (A) Effect of herbimycin A on gp120-induced inhibition of S1P-stimulated
migration. Human T cells were incubated with herbimycin A (1 �M final concentration) for 18 h prior to washing and preincubation with gp120
(17 ng/ml; HIV-1IIIB) for 60 min; cells were then stimulated for migration by 10�8 M S1P. (B) Specificity of the gp120-induced inhibitory effect.
Primary human T cells were incubated with medium, gp120 (17 ng/ml; HIV-1IIIB), gp120 plus 1 �g of sCD4, or Tat protein (17 ng/ml) for 1 h prior
to washing and then subjected to S1P (10�8 M)-induced migration. (C) Comparison of M-tropic versus T-tropic isolates of gp120 to inhibit
S1P-induced migration. Wild-type HIV-1IIIB (T tropic) and HIV-1BaL (M tropic) isolates (17 ng/ml) were used to incubate human T cells prior to
induced migration by 10�8 M S1P. All migration assays were conducted at least four separate times, and the data are the averages (� standard
deviations) expressed as percent migration compared with medium control-induced migration, designated as 100%. The asterisk denotes
significantly different migration from untreated cells (P � 0.03).
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and direct effects of gp120 on unactivated CD8 T cells had not
been reported. These data suggested either that gp120 was
affecting both CD4� and CD8� T cells or that CD8� T cells
were not responsive to S1P-induced migration. While there are
many studies demonstrating the migratory responsiveness of
murine CD4� and CD8� T cells to S1P (9), this type of as-
sessment has not been reported using human T cells. To ad-
dress this, we subjected isolated CD4� and CD8� T cells to
S1P-induced migration. Isolated populations were purified to
�98% as determined by flow cytometry (data not shown). As
shown in Fig. 5, CD4� T cells demonstrated similar migratory

responses to those of mixed cultures, with maximal migration
seen between 10�10 M and 10�9 M; however, CD8� T cells did
not migrate to S1P at any of the concentrations used. The CD8�

T cells did respond to MIP-3	-induced migration (data not
shown), suggesting an inherent difference between CD4� and
CD8� T cells in their responsiveness to S1P-induced migration.

Treatment of human T cells with gp120 results in lymphad-
enopathy in a mouse model. To address the physiologic rele-
vance of our in vitro observations, we assessed changes in CD4�

T-cell homing to SLT in an huSCID mouse model. Fluorescently
labeled human peripheral T cells were incubated without or with
17 ng/ml gp120 pretreatment for 1 h prior to washing and adop-
tive transfer by tail vein injection into NOD.CB17-Prkdcscid/J
mice. After 4 h T cells were harvested from the spleen, peripheral
blood, and SLT (inguinal, cervical, mesenteric, and axial LNs),
and the number of fluorescent cells was quantified by flow cytom-
etry. We assessed accumulation at 4 h as previous studies have
shown that at that time point actively infected human T cells
injected into NOD.CB17-Prkdcscid/J mice resulted in SLT seques-
tration (35). After 4 h, harvested tissues did not demonstrate any
apparent size or weight difference between control and gp120-
treated cells. Comparable tissue mass or blood volume (100 �l)
was used from all mice for fluorescent cell assessment. In our
studies there was an average 2.3-fold � 1.3-fold increase in total
cell numbers of gp120-treated T cells in the SLT compared to
untreated control T cells (Fig. 6). In contrast, there were concom-
itant changes in the number of gp120-treated human T cells:
(0.3 � 0.4)-fold and (0.6 �0.5)-fold decreases for spleen and
peripheral blood, respectively. These studies confirm the concept
of gp120-mediated lymphadenopathy and indicate that the re-
sponse is fairly rapid as a 1-h exposure is sufficient to accomplish
this effect.

DISCUSSION

Despite the initial designation of HIV-1 as lymphadenopa-
thy-associated virus, identification of a causative mechanism

FIG. 5. Responsiveness of CD4� and CD8� T cells to S1P-induced
migration. Primary human T cells were isolated and fractionated into
CD4� and CD8� T cells by negative selection, with a resultant purity
of greater than 98%. The cells were then assessed for migration to
various concentrations of S1P. Migration of CD4 T cells is shown by
the filled squares, and migration of CD8� T cells is depicted by the
filled triangles. These data represent the average values (� standard
deviations) from three separate experiments.

FIG. 6. Effect of gp120 on accumulation of labeled T cells in the LNs, blood, and spleen. NOD.CB17-Prkdcscid/J mice (2 mice/group/
experiment) were tail vein injected with either medium-treated (filled curves) or gp120-treated (open curves) human T cells labeled with the
fluorescent cell marker CFDA SE. LN, spleen, and peripheral blood T cells were harvested at 4 h and analyzed for fluorescence by flow cytometry.
These are representative graphs of five separate experiments where gp120 induced an average change of a 2.3-fold � 1.3-fold increase for LNs,
0.6-fold � 0.5-fold decrease for the spleen, and 0.4-fold � 0.3-fold decrease for blood.
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for the associated lymphadenopathy has yet to be elucidated.
Previous studies using huSCID mice have determined that
HIV-1-infected cells home to the LNs (35); however, in HIV-
1-infected individuals the number of LN-sequestered T cells
far exceeds the number of actively infected cells, suggesting
that soluble factors and not direct viral infection are likely
responsible for inducing the lymphadenopathy. As the HIV-1
viral envelop glycoprotein, gp120, has previously been shown
to affect T-cell migration (17, 36), it became a likely candidate
for this effect. With the recent understanding of T-cell traffick-
ing through SLT, we therefore investigated the potential ef-
fects of gp120 on T-cell migratory responses to factors involved
in the trafficking process. Recent evidence suggests that T-cell
retention in the SLT is dependent upon a balance between
SLT intrinsic recruitment signals and SLT egress signals (29).
Perturbation of either would induce a change in T-cell reten-
tion within the SLT, resulting in subsequent lymphadenopathy
and potentially induced immunosuppression (31).

Our studies demonstrate that gp120 alone, in association
with CD4 signaling, alters T-cell trafficking through the SLT by
virtue of two potentially independent effects. The first is
through augmentation of CCR6 and CCR7 responsiveness.
CD4 regulation of chemokine receptor signaling has been
demonstrated previously and has been shown to be a selective
process whereby CCR5 and CXCR4 are desensitized while
other receptors such as CCR3 are unaffected (30, 34). A sim-
ilar selective effect was detected following gp120 stimulation.
gp120 also induced receptor cross-desensitization of CXCR1/
CXCL8 and had no effect on CCR3/CCL11 signaling; however,
gp120/CD4 signaling induced an enhanced migratory response
to both CCR6/CCL20 and CCR7/CCL21. This enhanced effect
on CCL20 and CCL21 is not detected when the cells are first
stimulated by IL-16 (D. Green, unpublished observations),
suggesting that gp120 ligation of CD4 results in a different
signaling process than that induced by the natural ligand, IL-
16. The receptor for CCL20, CCR6, has been shown to be
expressed on T regulatory cells, suggesting that gp120 may
preferentially augment LN recruitment of these cells. While we
have not as yet investigated this, a recent study has reported
that HIV-1 interaction with CD4 on T regulatory cells en-
hances their homing and accumulation to lymph tissue (14). It
was also noteworthy that gp120 stimulation had different ef-
fects on CCL19 and CCL21 stimulation despite their use of the
same receptor, CCR7. As both proteins interact differently
with CCR7 due to differences in their tertiary structure, it is
conceivable that different signaling pathways resulting in a
migratory response are induced. Taken together, these findings
suggest that the systemic presence of gp120 has the potential to
reprogram CD4� T-cell responses that affect not only LN
accumulation but also cell trafficking at sites of inflammation.
Additional studies, however, are required to determine the
scope of this effect.

The second alteration of T-cell responsiveness induced by
gp120 stimulation is through inhibition of S1P1. S1P stimula-
tion has been found to be a major component for induction of
T-cell egress from lymph tissue. This effect is thought to occur
through its chemoattractant properties on T cells as well as
through the induction of increased extravasation through the
endothelial cell barrier within the lymph tissue (12). The in
vitro studies suggest that gp120 stimulation results in loss of

S1P responsiveness in close to 100% of S1P-responsive T cells.
When fractionated into CD4� and CD8� subsets, our data
indicate that CD8� T cells appear to be unresponsive to S1P.
This is in contrast to reports from previous studies using mu-
rine T cells that, while less responsive than CD4� T cells,
CD8� T cells are capable of responding (10). Since our studies
indicate that human CD8� T cells are not responsive in the in
vitro migration assay, our interpretation is that regulation of
their trafficking through lymph tissue is likely mediated by
other factors. The ability of gp120 to alter chemokine and
S1P-induced migration may also alter peripheral CD4� T-cell
distribution within tissues. Circulating levels of gp120, similar
to FTY720, could conceivably affect normal CD4� T-cell re-
cruitment by chemokines at sites of inflammation as well as
affect the ability of S1P to facilitate cellular egress from tissues
(18).

The finding that Tat protein did not induce any changes to
induced migration suggests that the effect of gp120 is selective.
Our data also suggest that signaling through CD4 alone is
required and sufficient to induce this effect. Our findings that
both R5 and X4 isolates were equally effective at blocking
S1P-induced migration, experiments demonstrating that inhi-
bition of p56lck by herbimycin A completely restored S1P re-
sponsiveness, and the observation that another CD4 ligand,
IL-16, which has not been shown to bind to either CCR5 or
CXCR4 inhibits S1P, support this concept. Additional studies,
however, addressing the signaling pathways involved are re-
quired to firmly establish this direct relationship.

In our studies the effects of gp120 on S1P-induced migration
are detectable at concentrations as low as 0.01.7 ng/ml. This is
several logs lower than concentrations used in previously re-
ported in vitro assays (16). In vivo assessment of gp120 levels
has been difficult to accurately determine, with reported values
of detection ranging from 2 pM to 0.8 nM (9, 26). A more
accurate determination may be based on the ratio of virion-
released p24 and gp120 as reported by Klasse et al. (16). Based
on their calculations, circulating gp120 concentrations would
be in the range of 0.07 pM. As concentrations of gp120 are
predicted to be greater in LNs than in the plasma (17), a
biological effect at 0.1 pM (17 ng/ml) is within a predicted LN
concentration and therefore is potentially physiologically
relevant.

LN accumulation was investigated and found to be signifi-
cantly increased by 4 h postinjection, indicating a rapid re-
sponse mechanism. It must be noted, however, that the cells
were pretreated prior to injection, and therefore this time
frame may not accurately reflect the kinetics of in vivo seques-
tration. Our data do indicate that even a short-term exposure
(1 h for our studies) is sufficient to induce a significant change
in T-cell homing. Our studies did not investigate the duration
of the gp120-induced effect; however, based on detectable sys-
temic levels of gp120 in HIV-1-infected individuals, one would
anticipate that the T cells would be constantly exposed, and
therefore even a short-term effect would be perpetuated by
chronic stimulation. In addition, the magnitude of the effect of
gp120 on T-cell accumulation in the SLT may not be accurately
reflected in this animal model. SCID mice have LNs that are
significantly reduced in size. This limitation likely reduces the
capacity of the lymph tissue to sequester T cells, and therefore
our observations of a 2.3-fold increase may be underrepresen-
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tative of the potential magnitude of the gp120-induced effect.
Despite the limitations, the animal model clearly identifies an
in vivo alteration of T-cell homing following gp120 exposure
that is significant, rapid, and induced by physiologically feasible
concentrations of gp120.

Overall, these findings are consistent with the concept that
HIV-1 pathogenesis extends beyond the limited number of
actively infected cells and for the first time identify a potential
mechanism for HIV-1-associated lymphadenopathy. Our study
implicates gp120 as a sole mediator of CD4� T-cell sequestra-
tion and raises the possibility that neutralization of gp120 bio-
activity could result in prolonging normal T-cell trafficking,
thus potentially maintaining immunocompetence.
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